Submerged hippocampal slices were exposed to 30 minutes of moderate or mild hypoxia at 29°C and then reoxygenated. Synaptic transmission was lost at the same rate in response to either grade of hypoxia, but recovery was faster following mild hypoxia. Hyperexcitability of synaptic transmission was a lasting feature following moderate hypoxia, but it was transient following mild hypoxia; after mild hypoxia the strength of synaptic transmission eventually returned to normal. Extracellular calcium did not change during moderate hypoxia. The extracellular pH of slices was always more acid than the bath; pH decreased further in response to both moderate and mild hypoxia. Extracellular potassium increased more during moderate than during mild hypoxia, and a period of rapid potassium uptake was also more pronounced following moderate hypoxia. Extracellular DC potential demonstrated a small positive shift during hypoxia, more so during mild hypoxia. These experiments suggest that synaptic function can be reversibly suppressed in mildly hypoxic brain tissue without severe depolarization of neurons; in addition, the degree and duration of posthypoxic hyperexcitability are correlated with the degree of hypoxia and the magnitude of the release of K+ from cells into their environment. (Stroke 1987;18:30-37) A GROWING body of evidence suggests that / \ neuronal activity is suppressed by ischemia A. A . before the structural integrity of neurons is lost. How long neurons can exist in such an inactive state before irreversible damage occurs depends on the degree and duration of blood flow reduction 1 and the specific vulnerability to ischemia of individual neurons.
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A GROWING body of evidence suggests that / \ neuronal activity is suppressed by ischemia A. A . before the structural integrity of neurons is lost. How long neurons can exist in such an inactive state before irreversible damage occurs depends on the degree and duration of blood flow reduction 1 and the specific vulnerability to ischemia of individual neurons. 2 Following complete occlusion of a cerebral vessel, a gradient of flow exists: from near or total cessation of flow in the central area of a vessel's territory of distribution to normal or increased flow at the periphery of the territory. 3 It has been postulated that there exists a region where blood flow is reduced to levels where cerebral functions (electroencephalogram and evoked potentials) are suppressed but ion homeostasis is mostly preserved -the "ischemic penumbra." 4 That areas of reduced flow consistent with an ischemic penumbra exist in human stroke patients is known, 3 but whether such tissue is capable of regaining full function on resumption of normal oxygen delivery cannot be determined from available information. Indeed, whether an ischemic penumbra exists as originally conceived has aroused considerable controversy.
brain slice therefore provides a practical method to study the effect of hypoxia on the physiology of functioning neural tissue. We have previously shown that synaptic transmission from CA3 Schaffer collateral fibers to CA1 pyramidal cells is completely suppressed within 1-4 minutes following a moderate (75%) reduction in bath oxygen pressure. Following 30 minutes of this moderate hypoxia, sustained hyperexcitability of synaptic transmission is observed when the slices are reoxygenated. 6 During moderate hypoxia, no massive K + release or negative sustained potential shift, indicative of cellular depolarization similar to spreading depression, 78 is seen. Since the hyperexcitability was attributed to hypoxic damage to inactive neurons whose ionic gradients were largely preserved, it might be said that these earlier experiments were a model for damage created during conditions similar to the ischemic penumbra.
The present study was undertaken to determine whether a milder hypoxic insult to the hippocampal slice could be fully reversible without evidence of hyperexcitability and thus provide a model for undamaged neural tissue within the ischemic penumbra. Since the definition of the penumbra requires that the extracellular milieu be minimally perturbed, ion-selective microelectrodes were used to study, in detail, ion changes in the extracellular environment during these two grades of hypoxia. The opportunity to perform these observations within identifiable neural layers permitted comparison of the differences in reactivity to hypoxia of nearby microenvironments of the brain.
Materials and Methods
Tissue slices 350 fxm thick were prepared from the middle one-third of the left hippocampi of 125-to 150-g female Sprague-Dawley rats. The slices were placed in a 1-ml chamber and fully submerged 5 mm beneath the surface of constantly flowing artificial cerebrospinal fluid (ACSF) composed of 155 mM Na + , 136 mM C1-, 3 . 5 m M K \ 1.2mMCa 2 + , 1.2mMMg 2 + , 1.25 mM PO 4 2 ", 24 mM HCO 3 -, 1.2 mM SO 4 2 ", and 10 mM dextrose.
Chamber fluid was sampled and Po 2 , Pco 2 , and pH were determined using a blood gas analyzer (Instrumentation Laboratory no. 513); all readings were corrected for temperature. "Fully oxygenated" ACSF (Po 2 401^468 mm Hg) was aerated with 95% O 2 and 5% CO 2 for 2 hours prior to and continuously during an experiment. "Mildly hypoxic" ACSF (Po 2 164-192 mm Hg) was similarly aerated with 95% air and 5% C0 2 , while "moderately hypoxic" ACSF (Po 2 80-136 mm Hg) was prepared with 95% N 2 and 5% CO 2 . The Po 2 , pH, and Pco 2 of these fluids are given in Table 1 . Note that measured gas partial pressures within the chamber reflect loss of oxygen by the fully oxygenated fluid through plastic tubing in transit to the chamber, while the mildly and moderately hypoxic fluid similarly gained oxygen in transit through the atmosphere and an oxygenated temperature-controlling water bath.
A precision thermistor recorded bath temperature near the slices. A temperature below normal body temperature (29° C) was selected to increase the number of slices with normal waveforms, improve the long term stability of the slices, 9 and slow the initial changes in physiologic function associated with hypoxia so that they could be more readily observed.
After preparation, slices were permitted 90 minutes to recover electrical activity. While maintaining ACSF flow at a constant 2 ml/min, hypoxia was introduced by switching from fully oxygenated ACSF to either moderately or mildly hypoxic ACSF for 30 minutes. Following hypoxia, fully oxygenated ACSF was reintroduced into the chamber to allow 45 minutes of recovery. Each experiment was performed on a slice from a different animal, and moderate hypoxia experiments were interspersed with mild hypoxia experiments.
Tungsten microelectrodes were used to deliver 100-/xsec stimulation pulses to the CA3 Schaffer collateral 2+ . When ion-selective electrodes were used, the reference barrels were used for AC-and DC-coupled electrical recordings. Electrode potentials were recorded 100-150 /im below the slice surface in two adjacent neural layers: the apical dendrite field of CA1 pyramidal cells (stratum radiatum) and the cell body or soma layer of these cells (stratum pyramidale).
It is difficult to record small changes of ion concentration over long periods of time with ion-selective electrodes since such electrodes are notoriously noisy and tend to drift in both ion sensitivity and absolute voltage over time. 4 " The nature of these experiments prohibited frequent electrode recalibration during an experiment; electrodes could be calibrated only before and after each experiment. Therefore, before each experiment, electrodes were calibrated for sensitivity in buffered solutions of known ionic activity and baseline voltage was determined in the recording chamber immediately before electrode insertion into the slice. On withdrawal of the electrode from the slice 2 hours later, these measurements were repeated. Data from electrodes whose ion sensitivity at the end of an experiment had changed more than 20% from their original calibration were discarded. Drift of baseline potential and electrode sensitivity were assumed to be linear over time. To improve the signal-to-noise ratio of the electrodes, data collected at fixed times relative to hypoxia from identically performed experiments were pooled and averaged.
Data at single points in time relative to hypoxia are reported as mean ± SE with Bessel's correction for small samples and compared with a 2-tailed Student's t test.
Since these data are measurements of dependent variables over time, analysis of variance (ANOVA) for a 2-factor experiment with repeated measures on 1 factor 12 was applied to 3 portions of the data: the hypoxic period (defined as minutes 0-30), the early recovery period (minutes [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] , and the late recovery period (minutes 45-70). To perform this analysis and assess only changes due to hypoxia independent from the prehypoxic state of different slices, ion and potential data in each experiment were normalized to the average of 3 prehypoxic readings. To simplify the mathematics, raw DC potential data (which fluctuated about 0 in the control state) were made positive by adding a constant prior to normalization. Two results of this ANOVA would indicate that such data differ: whether mean values differ over the entire time period (main effect), and whether mean values differ as a function of time (interaction of the main effect with time). If the normalized data formed straight lines, this method would indicate whether the intercepts (main effect) or slopes (interaction) are significantly different. However, this method makes no a priori assumption about the shape of the curves. To calculate this ANOVA for unbalanced data, the General Linear Models procedure of SAS version 82.4 (SAS Institute Inc., Cary, N.C.) was employed on an IBM 3081 computer (Triangle Universities Computation Center, Research Triangle Park, N . C ) .
Results
When slices were exposed to either moderate hypoxia in 12 experiments or mild hypoxia in 10 experiments (Table 1) , the population spikes decayed with a similar time course and disappeared within 3-4 minutes ( Figure 1 ). During reoxygenation, population spikes recovered earlier following mild hypoxia. Population spikes following both moderate and mild hypoxia became larger (182 ± 25% and 154 ± 8%, respectively) than in the prehypoxic state ( Figure 1 ). Following mild hypoxia this hyperexcitability was transient and was followed by the return of the population spikes to amplitudes (121 ± 7%, 40 minutes after reoxygenation) significantly less than those following moderate hypoxia (p<0.01), but not different (p>0.2) from amplitudes in control experiments where slices were followed for similar periods without hypoxia (102 ± 16%, submaximal spike data from Schiff et al 6 ). The differences between average population spike curves during the early and late recovery phases in Figure 1 are highly significant ( Table 2 ). The focal excitatory postsynaptic potentials disappeared during both moderate and mild hypoxia experiments, reappeared faster following mild than moderate hypoxia, and, as reported previously, did not demonstrate an increase following moderate hypoxia that could account for the increased amplitudes of population spikes observed.
Extracellular Ca 2+ concentration ([Ca 2+ ] 0 ) in 5 experiments was 1.3 ± 0.1 mM before hypoxia and did not change during moderate hypoxia (Figure 1 ). Fortyfive minutes after hypoxia [Ca 2+ ] 0 was 1.2 ± 0.1 mM. Extracellular pH (pHJ in 17 experiments was 7.27 ± 0.02 before hypoxia (7.26 ± 0.02 before moderate, 7.28 ± 0 . 0 3 before mild hypoxia). This pH is 0.2 more acid than the bath (Table 1) . pH 0 decreased an average of 0.11 in both moderate and mild hypoxia. Although average pH o was lower during moderate than during mild hypoxia (Figure 2 ), a significant difference could not be demonstrated in either neural layer, nor were differences in pH 0 between layers observed for each degree of hypoxia (Table 2) . Forty-five minutes after hypoxia, pH 0 was 7.33 ± 0.01 (7.34 ± 0.02 after moderate, 7.33 ± 0.02 after mild hypoxia), averaging 0.06 more alkaline than in the prehypoxic state. Table 2 ). With reoxygenation, there was a transient [ K ] o decrease below prehypoxic values during early population spike recovery; the average maximum decrease was 1.1 mM following moderate and 0.8 mM following mild hypoxia ( Figure  3A ). For the early recovery period, this decrease in [ K ] o was significantly greater following moderate hypoxia than mild ( Figure 3B , Table 2 ). Within either the Figure 3C, Table 2 ), the [K + ] o increase during mild hypoxia was significantly larger in the dendrite than in the soma layer ( Figure  3D ; Table 2 ). Forty-five minutes after hypoxia, [K + ] o returned to 3.6 ± 0.1 mM (3.7 ± 0.1 after moderate, 3.5 ± 0.1 after mild hypoxia).
Relative to bath potential, extracellular DC potential (DCJ in 30 experiments was 0.1 ± 0 . 1 mV before hypoxia (0.1 ± 0 . 2 mV before moderate, 0.2 ± 0 . 1 before mild hypoxia). DC O increased an average maximum of 1.6 mV in mild and 0.5 mV in moderate hypoxia (Figure 4) . This difference in increase as a function of the degree of hypoxia was significant within each neural layer (Table 2) . Although DC 0 increased more in the soma than in the dendrite layer in moderate hypoxia, there was no significant difference in DC 0 between neural layers seen in mild hypoxia (Table 2) . Forty-five minutes after hypoxia, DC 0 returned to -0.1 ± 0.1 mV (0.0 ± 0.1 after moderate, -0 . 3 ± 0.2 mV after mild hypoxia).
Discussion
Slices exposed to mild hypoxia showed transient hyperexcitability of synaptic transmission, followed by return to control amplitudes. In comparison, slices more severely deprived of oxygen recovered more slowly and, as noted previously, 6 demonstrated hyperexcitability that was irreversible within the period of observation.
"Irreversibility" can only be suggested by an in vitro model that has a limited period of stability and limited life span. Indeed, the increased transmission seen following moderate hypoxia might have reversed had the slices been followed for longer periods. It is not certain whether the same neurons would become similarly hyperexcitable if exposed to an identical hypoxic insult in an intact brain, but it is tempting to consider whether the hyperexcitability seen here is involved in generat- Relatively low temperature (29° C) in these experiments was necessary to maintain the stability of the electrical characteristics in submerged slices of this thickness at this flow rate (2 ml/min). 18 Since this synaptic circuit is also exquisitely sensitive to temperature changes, 10 it was necessary to restrict the temperature fluctuations to very small excursions (Figure 1) . Whether low temperature influenced the response to hypoxia other than by simply slowing physiologic changes and the rate of damage production cannot be said with certainty, but in other hypoxia experiments performed at 33°C, moderate hypoxia produced results qualitatively similar to those reported here. 6 Although
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• desirable, it was not possible to study these phenomena at 37°C with submerged slices at these ACSF flow rates due to the marked reduction in population spike amplitude and apparent hypoxic damage noted previously.
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The pH 0 decrease during moderate hypoxia was not significantly greater than that during mild hypoxia, and was therefore uncorrelated with posthypoxic hyperexcitability. Several factors may have masked a small difference between H + production in moderate vs. mild hypoxia. One factor may have been the greater addition of K + ions to the interstitial fluid in moderate hypoxia. If a small fraction of excess K + was not exchanged for Na + or Ca 2+ but for H + , it could have increased the strong cationic base concentration and thus raised pH 0 . 19 Another factor may have been the moderately hypoxic solution being slightly more alkaline than the mildly hypoxic solution (Table 1) . Finally, the scatter of data, more marked for pH than for K + and DC, may have obscured a small but real difference in the pH between moderately and mildly hypoxic slices.
Average pH o following hypoxia was more alkaline than before hypoxia (7.33 ± 0.01 vs. 7.27 ± 0.02). It has been postulated that a similar alkaline pH shift seen during reperfusion following ischemia in situ might be due to a disturbance in glycolysis. 20 Since population spikes can increase in situ as pH 0 is raised, 21 the elevated pH 0 seen here might contribute slightly to the hyperexcitability observed.
The slices were always more acidic than ACSF even when fully oxygenated. Mean prehypoxic pH 0 (7.27) was within the range of pH 0 measurements made in normal brains in situ with similar techniques. In the cat brainstem, pH 0 can be 0.03-0.08 less than the CSF pH 22 ; in rat cerebellum and parietal cortex, pH 0 can be 7. 34 and a similar pattern is here evident following hypoxia. These undershoots are likely to be due to active uptake of K + by neurons. 33 For a given level of hypoxia, K + extrusion was more marked in the dendrite layer than in the soma layer. The greater surface-to-volume ratio of fine terminal dendrites may account for a greater K + leakage for a given hypoxic insult. Differences in [K + ] o levels between microregions in the in situ brain have been reported at rest and following stimulation.
2634 When interpreting microelectrode studies of hypoxia in vitro or in situ, variability of ion levels between microregions may be an important factor.
The positive DC 0 shift resulting from these mild and moderate hypoxic insults is small but highly significant; amplitude of the DC 0 shift was inversely related to degree of the subsequent posthypoxic hyperexcitability. Positive DC 0 shifts have been recorded previously during the initial phases of hypoxia 29 and ischemia 3536 (see also Figure 9 in Kraig et al 23 ). Small positive DC 0 shifts early in hypoxia have been observed to coincide with neuronal hyperpolarization. 33 Neuronal hyperpolarization during the initial phases of hypoxia has been observed in the cortex 35 - 37 and in the hippocampal slice. 30 This hyperpolarization may be due to an increase in K + conductance. If a reduction in oxygen supply to neurons impairs intracellular Ca 2+ regulation, 38 then the rise in free intracellular Ca 2+ , not detectable outside the cell, could increase calciumdependent K + conductance in the cell membrane, thereby permitting K + to escape. 30 Such an increase in K + conductance would initially allow K + to flow out of neurons down its concentration gradient, and cause the membrane potential of the cells to become more negative. A consequence of this shift in K + would be a small increase in positive charge in the space-charge region near the outside of the cell membrane, 39 rendering the electrical potential outside the cells more positive. By this reasoning, the small positive DC O shifts observed may be due to an increase in K + permeability, while the more typical DC 0 negative shift seen with more severe hypoxia may depend upon an inward Na Degree and duration of posthypoxic hyperexcitability was correlated with degree of hypoxia and with magnitude of release of K + from cells into their environment. We suggested earlier that the hyperexcitability observed after moderate hypoxia in hippocampal slices is due to an inability of neurons to reaccumulate K + lost during hypoxia, 6 perhaps due to damage to the Na + -K + membrane ion pumps 29 -perhaps transient hyperexcitability reflects the time course of successful K + reaccumulation. Alternative hypotheses of posthypoxic hyperexcitability include selective damage to inhibitory interneurons in this population of cells, 40 neuronal damage during reoxygenation, 41 and impaired uptake or inactivation of the excitatory transmitter of this synaptic circuit. Clearly, both intracellular electrical studies and histology will be needed to further unravel the nature of hypoxic damage in this model.
Both the mild and moderate hypoxia studied in these experiments may recreate conditions present within different regions in an ischemic penumbra. One might speculate that the moderately hypoxic hippocampal slice preparation exhibits in its hyperexcitability one of the earliest irreversible functional changes of hypoxia or ischemia. In addition, these experiments support the notion that it is an oversimplification to categorize posthypoxic brain tissue as either infarcted or viable. Although the recovery of normal vs. hyperexcitable neuronal function depended on the grade of hypoxia, viability was not equivalent to recovery of normal function -not all functionally suppressed ischemic neurons that are capable of recovering activity are the same. A distinction might therefore be made between 3 types of functionally inactive hypoxic or ischemic cells: undamaged, damaged, and dead. Damaged cells may be further delineated into those with injuries that permit function to transiently return 13 before maturation of the injuries leads to delayed neuronal death, 14 and those with injuries that permit indefinite survival. A better understanding of processes that effect the transition from nonlethally damaged hypoxic neurons into lethally damaged cells would not only improve our understanding of the ischemic penumbra, but might help improve therapies to salvage or protect ischemic brain from damage.
